Summary In women, a large hip circumference (HC) related to lower hip fracture risk, independent of age and regardless if HC was measured long before or closer to the fracture. In older women, body mass index (BMI) explained the protection. Introduction In postmenopausal women, HC has been suggested to inversely associate with hip fracture while this has not been investigated in middle-aged women. We examined the association between HC, measured at two different time points, and hip fracture in a Swedish female population-based sample monitored for incident hip fractures over many years. Methods Baseline HC, measured in 1968 or 1974 (n = 1451, mean age 47.6 years), or the HC measures that were the most proximal before event or censoring (n = 1325, mean age 71.7 years), were used to assess the effects of HC on hip fracture risk in women participating in the Prospective Population Study of Women in Gothenburg. HC was parameterized as quintiles with the lowest quintile (Q1) as reference. Incident hip fractures over 45 years of follow-up (n = 257) were identified through hospital registers. Results Higher quintiles of HC at both baseline and proximal to event were inversely associated with hip fracture risk in ageadjusted models, but only baseline HC predicted hip fractures independently of BMI and other covariates (HR (95% CI) Q2, 0.85 (0.56-1.27); Q3, 0.59 (0.36-0.96); Q4, 0.57 (0.34-0.96); Q5, 0.58 (0.31-1.10
Introduction
Scandinavian countries show the highest hip fracture incidence in the world, and older women are particularly affected [1] . Due to the continuous rise in life expectancy, the number of hip fractures is likely to increase further in the decades to come. Hip fractures are associated with disability, serious complications including cardiovascular and cognitive complications, and premature death [2] . Identifying protective and risk factors is a prerequisite for prevention. Interest in external hip protection devices for prevention of hip fractures, usually as underwear with pads on the outside of the hip, was raised in the 1980-1990s. However, hip protectors have not been found to reduce the risk of hip fractures in home-living older people, while a marginal protection in older people in nursing or residential homes has been observed [3] . Acceptance to wear such hip protectors has however been reported to be low [3] .
Still, different anthropometric measures have been shown to associate with the risk of hip fracture, including both body size and body shape. Low body mass index (BMI) is a risk factor for osteoporotic fractures including hip fractures [4] while obesity has been associated with a decreased risk of hip fractures [4, 5] . The proposed protective effect of overall obesity has been challenged since abdominal obesity has been found to associate with increased risk of hip fractures independently of BMI [6, 7] . A few previous studies on postmenopausal, mostly older, women have also suggested that gynoid fat pattern, as measured by hip circumference (HC), may be inversely associated with risk of hip fracture [6] [7] [8] further supporting the relevance of regional fat distribution. Nevertheless, the inverse association between HC and risk of hip fracture has not been reported independently of BMI, suggesting that part of the protective effect of higher HC can be attributed to total body fatness. There are different mechanisms which could explain the protection by a large hip, for instance through a Bcushioning effect^from excess soft tissue on a large hip [9] ; a higher body weight with larger HC, increasing the mechanical force on the lower limbs and resulting in stronger bones [10] ; and/or higher estrogen levels related to the fat tissue that may protect against low bone mineral density [11] .
In this study, we examined the association between HC measured at different points in time in relation to risk of hip fracture in a population-based cohort of Swedish women. Furthermore, we explored whether associations with HC differed according to type of fracture, i.e., hip versus other sites.
Materials and methods

PPSWG cohort
The Prospective Population Study of Women in Gothenburg (PPSWG) is a population-based study of women that was initiated in 1968-1969 by recruiting a representative sample of 1622 women born in 1908, 1914, 1918, 1922, and 1930 and living in Gothenburg [12] . A total of 1462 women (90% of those invited) participated in the 1968-1969 examination. These women were re-invited to follow-up examinations in 1974-1975, 1980-1981, 1992-1993, 2000-2002, and 2005-2006 . Women who underwent their first measurements of HC either in 1968-1969 (n = 1405) or in 1974-1975 (n = 47) were included in the analysis of baseline HC. A total of 1329 women had at least one additional measure of HC taken before the date of a hip fracture event or censoring. The last available measure, hereafter called proximal measure of HC, was used to compare effects of proximal versus earlier baseline measure of HC on the risk of hip fracture. Table S1 gives an overview of timing of baseline and proximal measure of hip circumference, respectively, and the number of women at each measuring point by birth year. All subjects gave informed consent to participate. From 1992, all examinations sought and obtained approval from the regional ethics review board in Gothenburg, formerly the Ethics Committee at the University of Gothenburg (registration number T453-04 for the examination in [2005] [2006] .
Anthropometric measures and other variables
Subjects, wearing underwear, were weighed on a balance scale and measured for height on a fixed stadiometer. BMI was calculated as weight (kg) divided by height (m) squared. BMI was categorized into underweight (BMI < 20.0 kg/m 2 ), normal weight (BMI ≥ 20.0 to < 25), overweight (BMI ≥ 25 to < 30), and obesity (BMI ≥ 30). Waist circumference (WC) was measured midway between the lowest rib bone and the iliac crest and HC at the point over the buttock corresponding to the largest circumference. Three women with implausible values for proximal HC (> 165 cm) were excluded from the analyses. The final sample for analysis consisted of 1452 women with baseline HC as exposure of which 1326 women also had values for proximal HC. Waist-to-hip ratio (WHR) was calculated as WC divided by HC.
Information on potential confounders was based on questionnaires and interviews at the respective examinations. Leisure-time physical activity (LTPA) distinguished between any physical activity at least 4 h/week and sedentary behavior. Smokers were categorized according to current smoking status (yes/no). Information on hormonal replacement therapy (HRT) was retrieved from questionnaires and through medical records, and defined as ever using HRT before baseline or proximal examination of HC, respectively. Missing values for smoking (n = 167) and LTPA (n = 170) at the proximal hip measurement were imputed with the last registered value for the respective variable.
Hip fracture ascertainment
Using personal identification numbers, the women were followed through the Swedish Hospital Discharge Register until end of follow-up by May 1, 2015. Cases of incident hip fractures were identified according to ICD8/9 code 820 and ICD10 code S72. Other incident fractures were identified according to ICD8/9 codes 800-819 and 821-829 and ICD10 codes S02, S12, S22, S32, S42, S52, S62, S82, and S92. High validity of diagnoses from the Swedish Hospital Discharge Register has been shown, with a positive predictive value of 98.4% for hip fractures [13] .
Statistical analyses
Differences in characteristics across quintiles of baseline and proximal HC, respectively, were examined by analysis of variance for continuous variables and by χ 2 test for categorical variables. We used the Cox proportional hazard model to investigate whether HC was associated with incident hip fracture. Survival time from examination of HC (either baseline or proximal measure) until date of hip fracture or censoring due to death, emigration from Sweden, or end of follow-up was used as underlying time-metric. HC was parameterized in terms of quintiles (Q), with the lowest Q (Q1) as reference. The baseline models were adjusted for baseline values of age, BMI (either categorical or continuous), height, LTPA, smoking, and HRT, and with updated covariate values in proximal analyses. To further explore the association between HC and risk of fracture (hip fracture and fractures at other sites) we performed Cox proportional hazard regression based on restricted cubic splines [14] . Four knots were automatically assigned at 89, 96, 102, and 112 cm in baseline analyses and at 88, 93, 107, and 117 cm in proximal analyses, and the mean value of HC was chosen as the reference (100 cm at baseline and 101 cm at proximal HC measurement).
The proportional hazards assumption (PHA) of the Cox proportional hazards model was evaluated by including interaction terms between category of HC (quintiles of baseline or proximal HC) and survival time until hip fracture or censoring. These tests did not indicate violation of the PHA (p > 0.13 for all interaction terms).
Interactions between quintiles of HC and age, BMI categories, height, smoking, LTPA, and HRT were analyzed by inclusion of the corresponding product term in the model. In baseline analysis, we also tested the interaction between HC and menopausal status, with and without concurrent adjustment for age. In addition, interaction terms were also tested with dichotomized variables for age (baseline at 50 years, proximal at 70 years) and height (baseline 164 cm, proximal 161 cm).
To investigate the correlation of effect estimates, we performed a linear regression of survival time until hip fracture or censoring on all factors included in the model, disregarding censoring status. Variance inflation factors (VIF:s) were calculated for all variables. Sensitivity analyses were performed by excluding cases occurring within 1 year after examination. No case occurred during the first year after baseline measurement of HC while 14 women experienced a hip fracture in the year after the proximal measurement of HC. Baseline analyses were also repeated after exclusion of women without followup measurements (n = 126). Statistical analyses were performed in SAS, version 9.3 (SAS Institute, Cary, NC). A p value of less than 0.05 was considered significant (two-sided test).
Results
At baseline examination, women were on average 47.6 years old (range 38.3-61.4). During a mean follow-up of 32.8 years (47,600 person-years), 257 women suffered a hip fracture at a mean age of 79.5 years (range 53.6-97.4). Proximal HC was on average measured 24 years after baseline examination at a mean age of 71.7 years (range 44.3-92.8). From proximal examination of HC, the women were followed for a mean of 9.6 years (12,800 person-years), and during this time, 232 incident cases of hip fractures occurred at a mean age of 80.3 years (range 56.7-97.4). Table 1 shows baseline and proximal characteristics of the whole study population, as well as by quintile of baseline and proximal HC, respectively. In both baseline and proximal analyses, women with larger HC were older, heavier, and taller, and had a higher BMI and larger WC and WHR. Additionally, at both time points, women with larger HC were less likely to smoke and were more sedentary. At baseline, women with lower education had larger HC, while no association was seen between education and the proximal measure of HC. The correlation between HC and BMI was high at both time points (baseline r = 0.87, p < 0.001; proximal r = 0.86, p < 0.001). In regression models for survival until censoring or hip fracture described below, VIF:s were just above 1 for all variables except quintiles of HC and categories of BMI for which they were < 4.2 (< 4.9 in models with continuous BMI), indicating moderate collinearity.
Age-adjusted analyses showed an inverse association between baseline HC and risk of hip fracture (Table 2) . When controlling also for BMI and height, the association was strengthened and did not change upon further adjustment for LTPA, smoking, and HRT. Categories of baseline BMI were not associated with risk of hip fracture in the mutually adjusted model (Table 2) To examine whether the relation between HC and risk of hip fracture may change with age, we investigated the association between a proximal measure of HC and risk of hip fracture. Age-adjusted analyses showed that the HC measured proximally to the hip fracture was also associated with decreased risk (Table 3) . Adjusting for BMI and height attenuated the association, while additional adjustment for LTPA, smoking, and HRT did not further affect the estimates. In contrast to baseline measures, the associations between proximal HC and hip fracture were fully explained by the inverse association with proximal BMI (Fig. 1, Table 3 ). Women with overweight at proximal measure of HC had a lower risk of hip fractures compared to women with normal weight, which remained significant also after adjustment for LTPA, smoking, and HRT (Table 3) . No interactions were found between proximal HC and other covariates (data not shown).
To explore whether the effect of a large hip was specific to hip fractures, we investigated the association with fractures at other sites than the hip. During follow-up from baseline measurement of HC, a total of 336 cases of fractures at other sites requiring in-patient hospital care were registered. Figure 2 illustrates the association between baseline HC and risk of hip fracture (top) in comparison to risk of fractures at other sites (bottom), adjusted for covariates. While HC was inversely related to risk of hip fracture, a U-shaped risk curve was found for fractures at other sites than hip with significantly increased risk at larger hips as compared to mean HC (100 cm). Sensitivity analyses excluding 14 cases that occurred during the first year after proximal measurement of HC did not affect the results (data not shown). To improve comparability of the results from baseline and proximal analyses, 126 women who only participated in the baseline examination were excluded from baseline analyses, but this did not change the results reported in Table 2 (data not shown).
Discussion
In this study of a longitudinally followed population-based cohort of Swedish women, we showed that a large HC was related to a lower risk for a future hip fracture, independent of age at measurement of HC and regardless if HC was measured long before the hip fracture or more closely in time. Our study further showed that, depending on the age when HC was measured, there seems to be a difference in how BMI affects the association between HC and risk of hip fracture, and in the independent risk of hip fracture related to BMI. Using baseline HC, measured when the majority of women were 40 to 50 years old, the association with hip fracture was independent of BMI and height. In contrast, when using a more recent measure of HC, taken when most of the women were 60 to 80 years old, adjustment for BMI and height resulted in attenuation to non-significance, suggesting no independent protection by large hips at these ages.
Our results based on proximal measurements of HC, i.e., in older women, are in agreement with results from previous studies, which included only postmenopausal women, and also reported an inverse association between HC and risk of hip fracture that was attenuated when adjusting for BMI [7, 8] , and in one study also for height [6] . Higher levels of estrogen in women with high BMI, because of the production of estrogen in adipose tissue [15] , may provide an explanation for the attenuation after adjustment for BMI. However, in our study, associations were essentially similar before and after adjustment for HRT suggesting little influence from estrogen therapy. This could be explained by the fact that, even though current use of HRT has been shown to reduce the risk of hip fracture, the effect is substantially decreased after a time without HRT [16, 17] . Considering the advanced age at hip fracture, few women in this study were likely using HRT close in time to the event.
The specific finding of an independent protection against hip fracture by large hips in middle-aged women is novel. One explanation for these age-related differences could stem from the independent impact of BMI on the risk of hip fracture. At younger ages, larger HC at similar BMI is protective because this indicates less central adiposity, and visceral abdominal fat has been shown to associate negatively to bone structure and strength in young females [18] . At high ages, low BMI is mainly a marker of frailty which confers an excess risk of hip fracture [19] independent of HC. An additional explanation may be that the composition of fat and lean tissue on the hips changes with age, as it is well recognized that agerelated muscle loss starts already in young adulthood [20] . Hence, the protection of large hips at middle age may depend on better muscular support than for the same hip size at older ages. It has also been suggested that the protection from having a large hip could be explained by a simple padding effect of excess soft tissue absorbing energy from a fall and thus protecting against hip fracture [9] . If the protection from a large hip was due to padding, attenuation after adjustment for BMI, as a proxy for fat mass, could be expected. However, the major attenuation seen in the proximal analyses, in addition to the independent effect of BMI, indicate that it is indeed BMI that drives the association between HC and risk of hip fracture at older ages. This suggests that protection from overall body size may be more important than that from body shape in the elderly. Several previous studies of postmenopausal women with age ranging from 50 to 79 have reported lower rates of hip fractures in subjects with higher BMI [7, 8, [21] [22] [23] [24] . Furthermore, if physical protection by a large hip was occurring, the effect would have been expected to be stronger for the proximal measures of HC as compared to the earlier baseline HC, whereas after adjustment for BMI and other covariates, the opposite was observed in our analyses. Taken together, this implies that the protection from having a large hip is likely not due to a simple padding effect. However, the independent distant effect of baseline HC suggests protection from a large hip at younger ages which may potentially be explained by intrinsic factors influencing bone strength and subsequent risk of fractures. Such factors could for example include levels of various hormones and inflammatory markers [25] , as well as hip geometry parameters [26] that might have contributed to the protective effect of a large hip in this age group.
Previously, we showed that a large HC was associated with a decreased risk of diabetes, myocardial infarction (MI), and cardiovascular disease (CVD) as well as a decreased risk of mortality in the same cohort [27] . Hip fracture is associated with a more than fivefold increased risk of mortality in women during the first 3 months after the fracture and with excess annual mortality persisting many years [28] . Hence, it could be hypothesized that one reason for the previously observed decreased risk of allcause mortality in women with larger HC, in addition to the decrease in mortality related to CVD, could be attributed to the protection against hip fractures. In the context of increased longevity of women with large HC [27] , it may furthermore be presumed that, due to the increasing rate of hip fractures with age, the inverse association between HC and risk of hip fracture is underestimated. Thus, the true protection from a large HC may even be stronger. Identification of easy-to-measure risk factors for hip fracture is necessary for screening and targeted prevention efforts. In a sub-sample of the present cohort, Jonasson et al. showed that dental radiographs measuring trabeculation of the jawbone were highly predictive of fracture risk [29] . Thus, dental x-rays and HC, two standard measurements, could potentially be used together to further improve identification of women in mid-life with an increased risk of suffering a future hip fracture. Strengths of our study include the longitudinal design with a population-based sample followed over many years and with repeated measures allowing investigation of the hip fracture risk related to both baseline and more proximal measures of HC. Moreover, the anthropometric exposure measurements were taken in a standardized way by trained nurses and outcome information originates from high quality registers. However, a limitation is that the register data did not allow us to distinguish between traumatic and osteoporotic fractures. Inclusion of fractures due to accidents, unrelated to anthropometry, may have attenuated our results and led to wider confidence intervals. It should also be noted that register coverage of the heterogeneous group Test for curvature P = 0.65, test for overall significance P = 0.003, test for linearity P < 0.001.
b Test for curvature P = 0.50, test for overall significance P = 0.55, test for linearity P = 0.39.
c Test for curvature P = 0.31, test for overall significance P = 0.29, test for linearity P = 0.24 Fig. 2 Hazard ratio (HR) for baseline hip circumference in relation to risk of hip fractures (n cases/total, 257/1452) and fractures at other sites (n cases/total, 331/1421). Models were adjusted for baseline values of age, BMI categories, height, smoking, leisure time physical activity, and hormone replacement therapy. Dark line represents HR. Dotted lines represent 95% confidence interval for the HR. Reference value for hip circumference was set at mean hip circumference (100 cm).
a Test for curvature P = 0.49, test for overall significance P = 0.09, test for linearity P < 0.05.
b Test for curvature P = 0.07, test for overall significance P = 0.07, test for linearity P = 0.20 of fractures at other sites than hip may be incomplete since some of these fractures do not require inpatient hospital care. Furthermore, we cannot rule out the possibility of residual confounding by body composition (which was not measured) or anthropometric changes taking place after the last examination. Finally, the collinearity between HC and BMI must be acknowledged with consequences for the ability to separate the effect of HC on risk of hip fracture from that of BMI.
Conclusion
In this study, we showed that a large HC is protective specifically against hip fracture, irrespective of if HC was measured in middle age or old age, but that a high BMI seems to fully account for this effect in older women suggesting that padding of additional tissue on the hips is not the main mechanism. The independent protective effect on hip fracture risk seen in middle-aged women with large hips may depend on better muscular support or intrinsic factors influencing bone strength.
